In June 2012, the Piaoshan kiln site was excavated in Huzhou, Zhejiang Province, which hitherto proved to be the earliest known Chinese proto-porcelain kiln. Judging from the decorative patterns of unearthed impressed stoneware and proto-porcelain sherds, the site was determined to date to the late Xia (c. 2070-c. 1600 BC), the first dynasty of China. Here, we report on proton-induced X-ray emission analyses of 118 proto-porcelain and 35 impressed stoneware sherds from Piaoshan and five subsequent kiln sites in the vicinity. Using principal components analysis on the major chemical compositions, we reveal the relationships between impressed stoneware and proto-porcelain samples from the six kiln sites. The sherds from different sites have distinctive chemical profiles. The results indicate that the raw materials were procured locally. We find a developmental tendency for early glazes towards mature calcium-based glaze. It is most likely that woody plant ashes with increased calcia-potash ratios were applied to the formula.
Introduction
China has a long history of making pottery and ceramics. The making of pottery in China dates back to the Upper Paleolithic era, about 20,000 BP [1] . Along with the maturity of pottery making technology, especially the development of impressed stoneware, came proto-porcelain, the primitive stage production of Chinese porcelain [2] . In 1929, the excavation of Yinxu, Anyang, a Shang capital in Henan province, revealed some unprecedented early ceramics with high hardness and low water absorption. Attempts to evaluate their status in the ceramic history were met with difficulties due to their novelty and rarity. At that time, they could only be described temporarily as "glazed pottery" [3] . During the following decades, more "glazed pottery" was unearthed from tombs and residential sites from across China, and people came to realize that the primitive glazed ceramics had already been produced at such an early age [4] . As a result, the idea of proto-porcelain was firstly introduced in the 1960s [5] .
According to the understanding of archaeological materials, scholars previously asserted that proto-porcelain originated in the Shang dynasty (c. 1600-1046 BC) and developed during the Zhou dynasty (c. 1046-256 BC) [6] [7] . However, with the discovery of the Erlitou Site in Yanshi, Henan province, the earliest physical evidence of proto-porcelain emerged from the legendary Xia (c. 2070-c. 1600 BC), the first dynasty of China [8] [9] . Unfortunately, corresponding kilns from such an early time period had never been discovered.
There has been a longstanding controversy about the regional origin of proto-porcelain, regarding whether it was produced in southern China and then traded to the north, or produced in southern and northern China respectively. The related typological styles of some proto-porcelain unearthed in northern China and local pottery seem to support evidence for the latter proposition [10] [11] [12] . Nevertheless, the similarity of chemical compositions reflected the relationship of inheritance between proto-porcelain and later southern porcelain, which could not be found between proto-porcelain and later northern porcelain [13] [14] [15] . Moreover, to date no proto-porcelain kiln sites have been found in northern China. Relevant studies are, however, somewhat limited by the lack of systematic analysis of proto-porcelain excavated from tombs, residential sites and in kilns [16] .
In recent years, a group of kiln sites of the pre-Qin period were discovered in Zhejiang province (Figs 1 and 2 ) [17] [18] [19] . In June 2012, the Piaoshan kiln site was excavated in Huzhou, Zhejiang province, which proved to be the earliest proto-porcelain kiln ever discovered [20] [21]. It is a kiln that produced impressed stoneware and proto-porcelain during the same period. Judging from current archaeological materials, the zigzag patterns on the impressed stoneware are considered an imitation of bamboo-woven objects. These patterns were popular between the late Neolithic era and Xia-Shang dynasty [22] . The impressed stoneware unearthed in Piaoshan kiln site was therefore inferred to be from the late Xia dynasty.
For more than 35 years, an accelerator laboratory has been operated at Fudan University for the study of archaeometry. Since the nationally renowned ion beam analysis of Yue Goujian Sword [24] , we have accumulated a large amount of compositional data about ancient Chinese jade, glass, pottery and ceramics [25] [26] [27] [28] . In this paper, we investigate the origin and early development of proto-porcelain by analysing samples from three of the earliest Chinese proto-porcelain kiln sites in Huzhou, Zhejiang province, together with samples from three later kiln sites in nearby Deqing, Zhejiang province. In particular, the chemical composition of proto-porcelain samples from the earliest Piaoshan kiln site of the Xia dynasty is studied for the first time.
Materials and Methods
No permits were required for the described study, which complied with all relevant regulations. As shown detailedly in Table 1 , the samples selected for this study consist of 153 sherd specimens (proto-porcelain: n = 118; impressed stoneware: n = 35) excavated from six kiln sites (S1-S3 Figs): Piaoshan (PS), Beijiashan (BJS), Nanshan (NS), Huoshaoshan (HSS), Changshan (CS), and Tingziqiao (TZQ). All sherd specimens are publicly deposited in Zhejiang Provincial Institute of Cultural Relics and Archaeology, Hangzhou, Zhejiang province. The Piaoshan, Beijiashan, and Nanshan kiln sites are located in the southern suburb of Huzhou City, Zhejiang province (Fig 2) . Comparison kiln sites at Huoshaoshan, Tingziqiao and Changshan are located in Deqing County, about 30 km away from the south of Huzhou City. All the samples were catalogued during the excavation by Zhejiang Provincial Institute of Cultural Relics and Archaeology.
The proton-induced X-ray emission (PIXE) experiments were performed on the NEC 9SDH-2 3 MV pelletron tandem accelerator at Fudan University. An external beam line was applied to determine chemical compositions of the proto-porcelain samples. The proton beam was collimated with a spot diameter of 1mm and then emerged through a 7.5 μm Kapton film into the air. In order to keep the dead time lower than 3%, the beam current was maintained at 0.05 nA. After travelling about 10 mm, the beam hit the sample. Due to the energy loss in the Kapton film and the air, the initial 3 MeV protons are attenuated to 2.8 MeV. The PIXE spectra were collected using a SGX Sensortech Si (Li) detector (with an energy resolution of 150 eV FWHM at 5.9 keV) placed perpendicularly to the beam direction. The X-rays emitted from the sample travelled through a helium-rich atmosphere before reaching the detector. Details of the experimental procedure have been reported elsewhere [29] [30] . One well-established geochemical standard reference sample GSD-6 from National Experimental Analysis Center of Chinese Geological Ministry [31] [32] [33] , was used to determine experimental parameters. Data treatment was made with the GUPIX-96 code [34] .
Non-uniform thickness of the glaze posed a great challenge to the measurements of the elemental composition of the glaze. The thinnest glaze is about 100 μm, while the projected range for a 2.8 MeV proton beam in typical porcelain glazes is about 130 μm [35] . These locations were not suitable for analysing the elemental composition of the glaze since it is difficult to know whether the X-rays detected were due to the glaze or the body further down. Theoretical values of the information depth for PIXE measurements in a ceramic sherd were estimated for a signal fraction of 97% for various X-ray energy levels. The energy levels for K Kα line, Ca Kα line and Fe Kα line are 3.3 keV, 3.7 keV, and 6.4 keV respectively and X-rays at these energy levels can penetrate a depth of about 21 μm, 23 μm and 31 μm respectively. Therefore, the quantification of these main components of the glaze is possible as long as the ideal measuring points, where the glaze is thick enough (>130 μm), were selected for PIXE measurements. These measuring points must be bigger than the proton beam spot in sizes as well. Table 2 shows the average chemical compositions of the bodies of impressed stoneware and proto-porcelain determined by PIXE (S1 Table) . Owing to the fact that all these kilns produced impressed stoneware and proto-porcelain during the same period, it is reasonable to assert that, for the bodies, impressed stoneware and proto-porcelain produced from the same kiln shared the same raw materials [36] . For that reason, we take impressed stoneware into account when analysing the chemical compositions of the bodies. Table 3 shows the average chemical compositions of the glazes on the proto-porcelain for each kiln site (S2 Table) . All kiln sites are presented in chronological order. The elements are converted to corresponding oxides and then normalized to 100%.
Results

The bodies
The content of titanium dioxide ranges from 0.88 wt% to 1.14 wt%, while the dominant silicon dioxide and aluminium(III) oxide account for 73.04-77.94 wt% and 15.29-18.66 wt%, respectively. For sodium, magnesium, phosphorus, calcium and manganese, the concentration of their oxides are less than or approximately 1 wt%. The results show that these samples belong to typical southern ceramic body system in which porcelain stone is used as the raw material [37] [38] . Low-aluminum (<20 wt%) and high-titanium (about 1 wt%) features were still obvious for porcelain products made in southern China even after two thousand years, when southern porcelain developed into a much more mature stage during the Tang and Song dynasties [39] [40] [41] . Note that the earliest Piaoshan samples revealed considerably high level (4.29 wt %) of iron(III) oxide, suggesting the raw material selection was in its very early stage at that time. Regarding samples from three of the earliest proto-porcelain kilns, there is a significant decline in iron(III) oxide chronologically from 4.29 wt% to 2.53 wt%, while the other late samples remain at a 2 wt% level. This indicates that porcelain stone used as the raw material was carefully selected and filtered to remove iron-rich particulate impurities, as technology developed. The quality improvement is visually expressed by higher whiteness of the body.
The glazes
The glazes are also dominated by silicon dioxide (59.89-66.58 wt%) and aluminium(III) oxide (11.77-15.29 wt%), but their proportions are lower than those in the bodies. Due to the rareness of early proto-porcelain, only two Piaoshan proto-porcelain samples were collected for PIXE analysis. The obvious high calcium oxide level (4.92 wt% and 7.08 wt%) marked the earliest attempt of applying artificial calcium-based glaze. In Table 3 , the historical development of proto-porcelain glazes is highlighted by an increasing utilisation of calcium oxide (from 6.00 wt% to 17.70 wt%) and a decreasing trend for potassium oxide (from 3.37 wt% to 1.79 wt%), correspondingly and simultaneously. In concrete terms, the calcium oxide contents were initially 6-10 wt% during the Xia and Shang period, then maintained a relatively stable level of 12-14 wt% in the Spring and Autumn period, and finally increased to 17-18 wt% in the Warring States period. This change indicates that the amount of calcium-rich material, which was purposely added to the formula composition of the glazes, increased over time.
In particular, among all BJS samples, the calcium oxide contents of two samples are much higher than the average 4-6 wt% level, reaching 17.36 wt% and 14.07 wt%, which are quite close to that of later period, giving direct evidence that the earliest transition started in somewhere between the Xia and Shang dynasties. The contents of phosphorus(V) oxide (0.37-1.36 wt%) and magnesium oxide (1.31-2.60 wt%) were also increasing over time and were higher than that of the body, suggesting phosphorus-rich and magnesium-rich plant ashes were added to the formula composition of the glazes.
Principal components analysis
The chemical composition reveals little information directly, therefore it is beneficial to conduct multivariate statistical analysis in the areas of archaeometry. Principal components analysis (PCA) is one of the multivariate statistical methods that performs well in solving problems of material identification and provenance determination [42] [43] [44] . Fig 3 shows the results for a PCA performed on chemical compositions of impressed stoneware and proto-porcelain bodies from three kiln sites in Huzhou. Three clusters, representing Piaoshan, Beijiashan and Nanshan samples respectively, are nicely separated. It is evident that the raw materials used by these kilns came from different locations. Considering that the three kiln sites in Huzhou were closely distributed in a small geographical area, it is reasonable to infer that they were collected locally. The subtle differences between these raw materials may arise from diverse geological conditions, varying technical requirements and/or artificial selections in different kilns. Compared to late Nanshan samples, the earliest Piaoshan proto-porcelain reveal an entirely different formula composition of the bodies. For Beijiashan proto-porcelain chronologically in between, the majority of them are more closely related to late Nanshan samples. Only four samples fall into the cluster of Piaoshan proto-porcelain, attributed to high contents of iron (III) oxide (>4 wt%) because of immature raw material selection in early stage. It provides contextual information about the early development of proto-porcelain bodies. A PCA was conducted on the entire dataset consisting of 122 proto-porcelain glazes from the six kilns. Consistent with earlier discussion, the most significant difference lies in the content of calcium oxide. As shown in Fig 4, two clusters representing Huzhou and Deqing respectively are separated. Containing glazes of Piaoshan samples (2), most of the Beijiashan samples (7 of 9), and about half of the Nanshan samples (6 of 11), the small cluster is characterized by lower calcium oxide content. The relationship between the glazes from Huoshaoshan samples at three historical stages has been investigated in detail before this research [45] . Recently, the glaze of Tingziqiao proto-porcelain has also been studied [46] [47] [48] . In addition to the common calcium-rich feature, there has been a simultaneous tendency to increase the contents of iron(III) oxide and manganese(IV) oxide in late Deqing proto-porcelain samples. Based on both of these metrics, it should be noted that the content values of Changshan glaze are somewhere between that of late Huoshaoshan glaze and Tingziqiao glaze. For that reason, Changshan kiln was likely to produce proto-porcelain earlier than Tingziqiao kiln, despite the fact that they were both archaeologically considered to be of the Warring States period.
As for the glazes in Fig 4 , a significant correlation is noticed between the Piaoshan samples and most of the Bejiashan samples (7 out of 9). Note that the two remaining Beijiashan samples are located in the right-side area of Fig 4, resulted from much higher calcium oxide contents as mentioned earlier. And for the same reasons, late Nanshan samples are split into two clusters with nearly equal number of items (5 and 6). All the samples from the right-side cluster reach a level of more than 12 wt% in calcium oxide. The original glaze of proto-porcelain was characterized by a formula composition with calcium oxide content less than 8 wt%. Then the historical development trended to calcium-rich glazes, which finally became mainstream in Shang dynasty.
Discussion
Selection of the raw materials of the bodies
According to principal components analysis, the raw materials of the bodies were procured locally. The contents of silicon dioxide and aluminium(III) oxide together account for over 90 wt% of the total composition, thus the two main components best characterised the raw materials. The silica-alumina ratio fluctuated between 3.9 and 5.1 from the Xia to the Warring States period, as shown in Fig 5. During the Xia and Shang dynasties, the ratio was not stabilised, while the subsequent development witnessed a continuous rise from 4.2 to 5.1. Meanwhile, a prominent trend in the chemical composition was the consecutive decline of the iron(III) oxide content. This contributed to higher whiteness of the bodies. The preferred formula composition was not completely established during the Xia and Shang dynasties, as the iron(III) oxide level sharply decreasing from 4.29 wt% to 2.53 wt%. In Fig 6, from the Shang to the Warring States period, the iron(III) oxide content maintained a relatively stable level of 2-3 wt%, during which only the Tingziqiao kiln used raw material with higher than average iron(III) oxide content (2.59 wt%). Afterwards, the iron(III) oxide content of typical ceramics in southern China remained about the same (2 wt%) for the next thousand years [41] . In addition, from the Xia to the Warring States period, for magnesium, phosphorus, calcium, titanium and manganese, only small fluctuations in the concentration of their oxides have been observed, suggesting that the geologic conditions of the sources of the raw material stayed almost unchanged for more than a thousand years. Given all that, it seemed that the ancients tried to look for better raw material from mineral resources with no significant differences. The appropriate formula composition was later derived through trial and error. Eventually, the persistent pursuit of optimal raw material led to the emergence of mature ceramics in East Han dynasty [49] . 
Development of early glazes
It is known that raw materials for making glaze are generally porcelain stones and fluxes, such as calcium oxide and potassium oxide. Porcelain stones from different deposits vary somewhat in composition, and the uncertainties of plant ashes should be taken into account as well. Used as firewood, the procured grass and wood might neither be from a single location nor be from plants of the same kind. Therefore, the outcome should consist of a mixture of multiple plant ashes. There has been a considerable amount of research on a variety of plant ashes with different chemical compositions. According to the literature statistics, the content of calcium oxide in woody plant ashes (10-70 wt%) is higher than that in herbaceous plant ashes (<10 wt%) [50] [51] .
When the early potters applied the glaze mixture to the ceramic bodies, they might not know exactly what ingredients were in that formula. Based on long-term practical experience, potters gradually noticed that different plant ashes had different effects on formation of the glaze. The key factor for better forming the proto-porcelain glaze was an increased calcia-potash ratio, as shown in Fig 7. Specifically, fluxes rich in calcium could lead to a decreased melting temperature of the glaze. One single variety of plant ashes such as pine ashes and/or bamboo ashes was intentionally chosen therefore for the preparation of the glaze.
Considering the fact that potassium oxide dissolves in water easily, another factor that may come into play is, by elutriating raw materials of the glaze, the content of potassium oxide could be decreased.
Whether there was lime in the formula composition has not yet been proven. Some scholars hold a negative view of lime involved in the making of proto-porcelain glaze, arguing that the increase in phosphorus(V) oxide and magnesium oxide levels cannot be attributed to lime involvement [52] [53] . Further studies are needed before we can know for sure whether lime was added to the formulation. Table. PIXE results of the chemical compositions (wt%) of the surfaces of impressed stoneware and proto-porcelain sherds from 6 kiln sites. (DOC) Relics and Archaeology, for kindly providing impressed stoneware and proto-porcelain sherds in this study.
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